Summary. During the past decade it has been demonstrated that insulin, apart from its effects on metabolism and ion fluxes, has acute effects on the cardiovascular system and capillary permeability. Intravenous infusion of insulin in doses which increase plasma insulin to physiological levels, induced vascular dilatation and increased muscle sympathetic nerve activity during a euglycaemic glucose clamp. During similar conditions insulin increased the transcapillary escape rate of albumin and reduced plasma volume. Insulin has also an indirect effect on vascular permeability during hypoglycaemia, which is mediated by the increase in plasma adrenaline. Adrenaline infusion increased haematocrit and decreased plasma volume and intravascular albumin mass. In contrast to insulin adrenaline did not increase the transcapillary escape rate of albumin. Total autonomic blockade during insulin-induced hypoglycaemia abolished the increase in haematocrit, but did not influence the decrease in plasma volume and the increase in the transcapillary escape rate of albumin. Insulin administration may also increase urinary albumin excretion, and this effect was observed during a eugly~ caemic clamp. The mechanism of the increase in capillary permeability after insulin has not been elucidated. A number of morphological studies indicate that insulin may have effects on endothelial cell morphology and paraendothelial cell permeability. These results indicate that insulin, apart from its effect on peripheral blood flow, may play a role in a normal transfer of macromolecules from the blood to the extracellular space after food intake. This process may be greatly disturbed in insulin-dependent diabetic patients.
Many patients with long-term diabetes mellitus show increased capillary permeability and fragility. In patients with diabetic nephropathy urinary albumin excretion rate is increased. In long-term diabetic patients leakages from retinal vessels and retinal haemorrhages are characteristic findings. Furthermore, in these patients capillary permeability to smaller ions is increased, most likely caused by structural changes in the capillary bed. During the last decade a number of studies have indicated that intravenous insulin may decrease plasma volume and increase transcapillary escape rate of albumin. In fact, insulin may decrease plasma volume by two different mechanisms. This review will briefly summarize and discuss the physiological and pathophysiological significance of these findings.
Insulin and the cardiovascular system
Several studies have shown th at intravenous inj ection of insulin may result in a fall in arterial blood pressure in sympathectomized patients [1] [2] [3] but not in normal subjects. In diabetic patients without neuropathy insulin injection did not decrease arterial blood pressure. Plasma noradrenaline levels increased, however, even when the blood glucose concentration remained high or unchanged [4] [5] [6] . These findings have been confirmed by direct recordings of muscle sympathetic nerve activity during a euglycaemic insulin clamp in normal subjects [7, 8] . These results indicate that an increased sympathetic nerve activity is required for blood pressure homeostasis after intravenous insulin inj ection. The mechanism of the hypotensive effect of insulin has not been completely elucidated [9] . It has been shown in several studies that insulin may increase peripheral blood flow especially in muscle tissue, and this may contribute to the hypotensive effect of insulin [10] . It has not been excluded, however, that insulin has a direct, stimulatory effect on sympathetic nerve activity.
Plasma volume and transcapiilary escape rate of albumin
Gundersen and Christensen [11] studied the effect of insulin on plasma volume and other haemodynamic parameters in a group of diabetic patients. Blood glucose de- creased from one hyperglycaemic level to a lower, but still hyperglycaemic, level after intravenous injection of insulin. Intravenous injection of insulin resulted in an unexpectedly large decrease in plasma volume and a reduction of the intravascular pool of albumin. Mackay et al. [12] confirmed these results and showed that plasma volume did not decrease after insulin administration in patients with diabetic neuropathy, thereby indicating that post-insulin hypotension was not caused by a decrease in plasma volume. Frandsen et al. [13] using microneurography showed that the increase in muscle sympathetic nerve activity after insulin administration was not abolished by plasma volume substitution.
Parving et al. [14] concluded that insulin had no effect on plasma volume and intravascular albumin, mainly because peripheral venous haematocrit did not increase after insulin. These conclusions have not, however, been supported by other investigators (Table 1) .
More recent studies have shown that insulin has a dual effect on plasma volume and transcapillary escape rate of albumin, an indirect effect, which is mediated by an increase in plasma adrenaline, and a direct effect of insulin on the vascular bed (Table 1) .
Insulin may also increase urinary excretion rate of albumin ( Fig. 1) . In preliminary experiments Hegedtis et al. [15] showed that an oral glucose load increased urinary albumin excretion in normal subjects but not in insulin-dependent diabetic patients.
Effects of hypoglycaemia and adrenaline on plasma volume and haematocrit
Insulin-induced hypoglycaemia is associated with large increments in plasma insulin as well as plasma catecholamines. Frier et al. [16] and Hilsted et al. [17, 18] showed that peripheral venous haematocrit increased considerably during hypoglycaemia. The increase in haematocrit was associated with a decrease in plasma volume and a large increase in transcapillary escape rate of albumin [17, 18] .
The relative roles of insulin and catecholamines as regards these changes were subsequently elucidated [19] . Intravenous infusion of adrenaline in doses resulting in plasma concentrations corresponding to those encountered during insulin-induced hypoglycaemia caused an increase in peripheral venous haematocrit, a reduction in plasma volume and a decrease in intravascular albumin mass (calculated as plasma volume X plasma albumin concentration) in healthy subjects. Intravenous infusion of noradrenaline in similar doses (6 gg/min) caused an increase in venous haematocrit and a decrease in plasma volume, whereas intravascular albumin mass was unaffected. Neither adrenaline nor noradrenaline induced any changes in transcapillary escape rate of albumin. Thus, effects of noradrenaline and adrenaline on plasma volume size were similar, whereas the effect of these two compounds on the intravascular albumin mass was different. This is analogous to the finding that serum myoglobin concentrations decreased in response to adrenaline but not to noradrenaline [20] . In the latter study, the decrease in myoglobin concentrations during adrenaline infusion was blocked by prior beta-adrenoceptor blockade with propranolol, suggesting that myoglobin transport was a betaadrenergic mediated effect. Hence, the effect of noradrenaline seems limited to its alpha-adrenoceptor stimulating properties, e.g. a decrease in plasma volume due to increased hydrostatic pressure.
The decrease in intravascular albumin mass during adrenaline infusion may be ascribed to an increase in the Fig. 1 . Urinary albumin excretion in ten normal subjects before and after insulin injection. In five subjects blood glucose was kept constant by glucose infusion whereas in five other subjects it decreased from a hyperglycaemic level to a lower but still hyperglycaemic level. The increase in urinary excretion rate of albumin was 92% and 94% above basal with declining blood glucose and constant blood glucose, respectively (2p < 0.01). Reproduced from Diabetologia [30, 31] with permission crease plasma volume and decrease the intravascular albumin mass. Insulin has similar effects on plasma volume and the intravascular mass of albumin but in contrast to adrenaline insulin may increase the transcapillary escape rate of albumin.
Mechanisms
From the preceding discussion it is clear that insulin can decrease plasma volume by two different mechanisms: (1) indirectly by increasing plasma adrenaline during hypoglycaemia and (2) directly by a non-adrenergic mechanism which is best studied in diabetic patients during hyperglycaemia or in normal subjects during a euglycaemic glucose clamp. The first mechanism is only associated with an increase in haematocrit. This increase is mediated by an alpha-adrenergic mechanism and is due to elevated plasma adrenaline levels, which increase postcapillary resistance. The non-adrenergic mediated plasma volume lowering effect of insulin may be due to an increase in muscle capillary blood flow [24] .
One of the most marked changes in haemodynamics after injection of insulin is an increase in muscle blood flow [10] . It is also well-established that microvascular haematocrit is lower than systemic haematocrit mainly due to plasma skimming. This phenomenon is flow-dependent and elevated flow rates reduce the difference between microvascular and systemic haematocrits [25] . One would therefore expect a decrease in venous and systemic haematocrit after increments in capillary or nutritive blood flow. This is not observed, probably because at the same time plasma is lost to the extracellular fluid due to the concomitant increase in capillary surface area. These two processes, which have opposite effects on venous capillary surface area available for fluid exchange. This process may be reversed in haemorrhage [21] .
The effect of insulin on plasma volume and transcapillary escape rate of albumin during a hyperinsulinaemic euglycaemic glucose clamp cannot be explained by elevated plasma adrenaline levels because plasma adrenaline does not increase during these circumstances. Recent studies [19, 22] have shown in accordance with previous findings that insulin during a euglycaemic glucose clamp resulted in a significant decrease in plasma volume, and a large increase in transcapillary escape rate of albumin, whereas the peripheral venous haematocrit did not change during these experimental conditions (Table 2) . Furthermore, during pharmacological blockade with alpha-and beta-adrenoceptor antagonists during hypoglycaemia a similar pattern was observed after insulin administration [23] (Fig.2) : plasma volume decreased, peripheral venous haematocrit did not change and the transcapillary escape rate of albumin increased. These data indicate that intravenous insulin may decrease plasma volume without a concomitant increase in peripheral venous haematocrit.
Thus, the findings during hypoglycaemia may be explained by the combined effects of adrenaline and insulin. Adrenaline may increase peripheral haematocrit, de- This hypothesis indicates that insulin by increasing capillary blood flow may decrease plasma volume without changing venous haematocrit. It may also explain a lack of correlation between changes in haematocrit and plasma volume observed during adrenaline infusion [19] . The haematocrit increases during adrenaline infusion due to an alpha:adrenergic mediated effect but adrenaline may also increase muscle blood flow and decrease plasma volume by the same mechanism as insulin. In the latter-mentioned study infusion of noradrenaline and adrenaline in relatively high doses (6 btg/min) both increased the haematocrit to approximately the same extent, but the decrease in plasma volume was twice as high during adrenaline infusion when compared to infusion of noradrenaline ( Table 2) . As pointed out the insulin effect on transcapillary escape rate of albumin can probably not be explained by an increase in capillary blood flow. This effect of insulin remains to be elucidated [19] .
Morphology
There have been few morphologic studies of the capillary endothelium after insulin administration. In 1978 Osterby et al. [26] reported a quantitative morphologic study of the capillary endothelium of striated muscle in diabetic rats J. Hilsted and N.J. Christensen: Insulin and albumin transport one hour after injection of insulin. The authors found that numeric density of micropinocytotic vesicles increased significantly in diabetic rats injected with insulin and thereby approached the control value. Also the ratio of free-to-attached vesicles increased significantly after insulin. McRoberts et al. [27] have recently shown that insulin may modulate the permeability of the occluding junction in T84 cell-monolayers through a receptor-mediated process. Insulin was also shown to produce similar effects on two intestinal epithelial cell lines. Interestingly, Bar et al. [28] have shown that in the perfused rat heart, insulin can differentially alter transcapillary movement of insulin-like growth factor binding proteins.
The possible relationship between insulin effects on plasma volume and transcapillary escape rate of albumin and the morphological findings after insulin administration remains to be clarified.
Physiological and pathophysiological significance
The technique of measuring transcapillary escape rate of albumin by intravenous injection of radioactive-labelled albumin is clearly not an ideal technique for studying capillary transport or permeability. Results from many different studies using different techniques indicate, however, that insulin has an effect on these parameters.
Insulin may increase muscle blood flow, sympathetic activity and transcapillary albmnin transport. The increase in muscle blood flow may be important for glucose disposal after food intake but the increase in macromolecular transport remains to be explained. Hyperinsulinaemia may be associated with macrovascular disease and play a role in its pathogenesis. It should be pointed out, however, that obese subjects with normal blood glucose levels have the highest plasma insulin levels and it is mainly obese persons with fasting hyperglycaemia and lower plasma insulin levels that are considered to be at the greatest risk for the development of macroangiopathy. This suggests that relative insufficiency and/or insulin resistance may be more important [29] .
It is possible that insulin may play a role in the normal transfer of macromolecules from the blood to the extracellular space after food intake apart from its effect on peripheral blood flow. This process may be greatly disturbed in insulin-dependent diabetic patients. Thus, further studies along these lines are warranted.
